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We have ca l cu la t ed  r e l a t i v e  l i n e  s t rengths  f o r  

t h e  resonance l i n e s  of ions i n  t h e  Xeon I i soe lec t ron ic  

sequence through I ron  XVII, and i n  t h e  Argon I sequence 

through I ron  I X .  We used intermediate  coupling theory,  

and evaluated t h e  necessary parameters using observed 

energy l eve l s .  The r e l a t i v e  l i n e  s t r eng th  r e s u l t s  for 

t h e  Neon I sequence agree we l l  with previous ca lcu la t ions  

using Hartree-Fock wavefunctions. 

resonance l i n e s  are observed i n  t h e  solar UV spectrum, 

we ca l cu la t ed  absolute  l i n e  s t r eng ths ,  o s c i l l a t o r  

s t r eng ths ,  and t r a n s i t i o n  p r o b a b i l i t i e s  using t h e  sca led  

Thomas-Fermi p o t e n t i a l  t o  ob ta in  t h e  radial  t r a n s i t i o n  

i n t e g r a l .  The t r a n s i t i o n  p r o b a b i l i t i e s  obtained are  : 

Xl03.58, A = 4.6 x 10 sec  ; X105.24, A = 2.7 x 10 

For I ron  I X ,  whose 

10 -1 10 

-1 sec  . 



I. IMTRODUCTIOR 

The resonance l i n e s  of I ron XVII ( i n  t h e  Neon I i soe lec t ron ic  

sequence) and Iron I X  ( i n  t h e  Argon I sequence) have been i d e n t i f i e d  

i n  t h e  solar UV spectrum (Jordan 1965). 

Omidvar and Underwood (1967)  have ca lcu la ted  t h e  o s c i l l a t o r  s t r eng ths  

of t h e  Iron X V I I  l i n e s  (16.77411 and 17.051A), as an aid i n  t h e  i n t e r -  

Garstang (19668) and Kastner, 

0 0 

p r e t a t i o n  of  t h e i r  observed i n t e n s i t i e s .  Both ca l cu la t ions  were based 

i n  p a r t  on t h e  intermediate  coupling ( I C )  approximation (Condon and 

Short  ley 1951 ) . 
We have ca lcu la ted  the  o s c i l l a t o r  s t r eng ths  and t r a n s i t i o n  p r o b a b i l i t i e s  

0 0 
of the Iron I X  resonance l i n e s  (103.58A and 105.24A) using a modification 

of G a r s t a g ' s  method. We have also ca lcu la t ed  t h e  r e l a t i v e  s t r eng ths  of  

t h e  resonance l i n e s  of a l l  ions i n  t h e  Argon I sequence preceding Iron I X ,  

and for  most of t h e  Neon I sequence through I ron  XVII. Our r e s u l t s  f o r  

t h e  Neon I sequence agree w e l l  w i t h  t hose  of Kastner e t  al. (1967). -- 
11 e RARE-GAS RESOIJAIICE LINE STREIJGTIIS Inr  

INTEREDIATE COUPLIIIG 

The resonance l i n e s  i n  rare &as-like ions a r i s e  from the  t r a n s i t i o n s  

5 '  IS - np 5 l  n s 3Pl The spin-orbi t  i n t e r -  0 np6 - np n s Ipl and np 
0 

5 '  a c t i o n  intermixes t h e  two J = 1 wavefunctions of t h e  np n s configurat ion;  

t h i s  expla ins  t h e  ex is tence  of a nonzero dipole  moment f o r  t h e  second 

t r a n s i t i o n ,  which i s  forbidden i n  pure LS-coupling. 
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In  intermediate coupling theory, t h e  energies  of t h e  four l eve l s  

5 a r i s i n g  from t h e  p s 

energy matrix shown i n  Figure 1 (Garstang 1966s). 

configuration are given by the  eigenvalues of t h e  

/Figure 1 Here/ 

Three parameters are involved: the  S l a t e r  i n t e g r a l s  Fo and G1 , and 

t h e  spin-orbi t  i n t e g r a l  C . The eigenvectors of the  energy matrix 
nP 

represent  t he  wavefunctions: t h e  J = 1 eigenvectors have the general  

form 

The corresponding eigenvalues a r e  

. 

2 
A *  = -Fo + S/4 * 4((G1-5/4)2 + 5 /2) 

The r a t i o  of t h e  resonance l i n e  s t rengths ,  defined as 

( 3 )  
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i s  j u s t  

The s t r eng th  of t h e  p6 'So - p 5 1  s P1 t r a n s i t i o n  i n  pure LS-coupling 

2 can b e  obtained from t h e  t a b l e s  of Shore and Yenzel (1965): it i s  Ga , 
where a2 i s  t h e  usua l  radial t r a n s i t i o n  in t eg ra l .  Thus t h e  s t r enc ths  

of t h e  two resonance l i n e s  a r e  

S(lSo-'Y+) = 6 a 2 / ( l + r )  = 60 2 2  B 

and 

( 7 )  1 2 2 2  
S (  S ~ = Y  - ) = 60 r/( l+r) = 6a c1 . 

The usua l  procedure i n  t h e  ca lcu la t ion  of t hese  l i n e  s t rengths  i n  

intermediate  coupling is t o  determine Fo , G1 , and 5 , evaluate  

t h e  energy matrix, determine t h e  J = 1 eigenvectors t o  obta in  a and 

B , and then use equations (6 )  and (7) .  (See, e.g., Garstang 1966b). 

nP 

Ins tead ,  w e  have evaluated a and 8 d i r e c t l y  i n  terms of G1 and r, , 
nP 

asid then used equation ( 5 )  t o  obtain 
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/ G1 . (The appearance of t h e  constant term -Fo i n  each where 5nP 
diagonal element of t h e  energy matrix, and nowhere e l s e ,  neans t h a t  t he  

eigenvectors are independent of Fo.) Thus we need only determine 

and Gl t o  obtain r , using equation (8). Figure 2 illustrates 

t h e  behavior of r as P goes from 0 (pure LS-coupling) t o  = (pure 

j j-coupling ) . 

<nP 

/Figure 2 Here/ 

111. DETEFtlIIMATIOIJ OF THE IIITERMEDIATE 
COUPLING PARAMETERS 

Me discuss three methods of determining t h e  values of t h e  S l a t e r  

5 and spin-orbi t  i n t e g r a l s  f o r  a p s configurat ion.  

The f i r s t  method i s  applicable when t h e  energies  of all four  l eve l s  

of t h e  configurat ion are known. I n  t h i s  case Fg , G and 5 can be 

chosen so t h a t  t h e  eigenvalues of t h e  p s energy matrix give a l ea s t -  
1 nP 

5 

squares fit t o  t h e  observed energies.  (See, e.g., Garstang and V a n  Blerkom 

1965). Configuration in t e rac t ion ,  i f  it i s  present ,  general ly  per turbs  t h e  

energ ies  enough t h a t  a poor fit r e s u l t s ,  so  t h a t  t h i s  method provides a ~ 1  

i nd ica t ion  of t h e  v a l i d i t y  o f  the I C  approximation. 

The second method makes use of t h e  observation of Condon and Shortley 

f o r  t h e  np5 core i n  t h e  rare h? (1951, p. 308) t h a t  the  spin-orbit  i n t e g r a l  

gases  can be obtained from t h e  ground-state doublet s p l i t t i n g  i n  t h e  parent 

ion ,  which i s  3SnP / 2 . (For example, the ground s t a t e  s p l i t t i n g  i n  
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= 954.67 : t h e  averace Argon I1 i s  1432 cm’l , which gives 

value of 5 obtained i n  least-squares f i t s  of  t h e  confi:;uration 4s, 

5S, 6 S ,  and 7s i n  Argon 1 i s  943.05. I n  t r e a t i n g  Iron X V I I ,  Garstanc 

(lg66b) used the Iron XVIII splitting (obtained by ex t rapola t ion)  t o  ge t  

3P 

3P 

and determined F and GI by forc ing  a P i t  t o  t h e  two known 2p 5 3s G2p ’ 0 

energy l e v e l s  i n  I ron X V I I  (Lloore, 1952).  ivote triat t he re  i s  only j u s t  enough 

da ta  t o  make t h e  ca lcu la t ions  possible:  no measure of t h e  correctness  of t h e  I C  

approximation can be obtained with t h i s  nethod. 

A t h i r d  method i s  t h a t  of Kastner e t  al. (1967),  who t r e a t e d  t h e  

They ca lcu la ted  values of 

-- 
Neon I sequence from Sodiun I1 t o  Iron XVII. 

Fo , G1 , and 5 f o r  each member of t h i s  sequence d i r e c t l y  from 

Hartree-Fock wavefunctions generated by t h e  computer program of Froese 

( 1 9 6 3 )  

2P 

FJe have t r e a t e d  t h e  Argon I sequence through Iron I X ,  using t h e  l ea s t -  

squares  method f o r  t h e  f irst  t h r e e  menbers. For t h e  r e s t  of  t h e  sequence 

w e  obtained 5 from t h e  Ground-state s p l i t t i n g  of t h e  parent ions ,  as 
3P 

G1 ’ G a r s t a g  did. But s ince  t h e  only addi t iona l  parameter needed was 

we obtained it from t h e  d i f fe rence  of t h e  J = 1 e n e r a  l e v e l s  tabula ted  

by Moore (1949, 1952):  i f  w e  designate t h i s  d i f fe rence  by d , w e  obtain 

c 
from equat ion (3) 
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The p o s i t i v e  s i g n  i n  equation ( 9 )  holds f o r  tile ArTon I scqucrice ~t 

least as far as Iron 1::: it Gives values of  r: wl,ich agree w i t i i  tilose 

obtained from least-squares f i ts  for t hc  f irst  t h r e e  nexbers 0 :  t h e  seqrerice,  

and which vary smoothly v i t h  

1 

Z. Our r e s u l t s  are give11 i n  'A2bi,Le 1. 

I n  Table 2 ,  w e  c i v e  t h e  r e s u l t s  of our ca l cu la t ions  of  line strc.c:tAL 

r a t i o s  for t h e  ;;eon I sequence, a n d  t h e  results of Lrstner  e t  sl. (1967) 

for comparison. 

(1963) t o  obtain t h e  perent ion ZrounL-state s p l i t t i n g s .  

i s  q u i t e  Good, except as noted below. 

favorably on t h e  Iinrtree-rock ca l cu la t ions ,  inasruch as our T;.,etliod i s  b a e d  

d i r e c t l y  on observable q u a n t i t i e s .  

X e  have used t h e  extrapolat ion of Rohrlich and Pecker 

The agreenent 

This good acreexlent r e f l e c t s  

I n  applying equation ( 9 )  t o  T i  X I I I ,  V X I V ,  Cr XV, and :.n ?:VI, 

/2 , s o  t h a t  2 
w e  obtained nepative values for  t h e  quan t i ty  (d /2I2  - <2p 

our nethoi? fa i l s  i n  t h e s e  cases. An extrapolated plot of p vs Z 

i n d i c a t e s  t h a t  )I $3 4 f o r  Vanadim X I V :  equation (9) shows t h a t  f o r  

l.~+v 4 , 
Iiarever, t h i s  quan t i ty  i s  a difference of two l a r g e  nunbers, ezch subject  

t o  e r r o r ,  s o  t h a t  negat ive values are  not s u r p r i s i n s .  The r e l a t i v e l y  poor 

agreement of our r e s u l t  for Scandium XI1 with t h a t  of i h s t n c r  e t  n l .  i s  

probably due t o  t h i s  feature of our method, s i n c e  i n  t h i s  case 

I n  t h e  Argon I sequence, however, the  l a r g e s t  value of LI i s  2.39 (for 

I r o n  I X ) ,  so  t h a t  our method should work w e l l .  

2 ( ~ 3 / 2 ) ~  - < /2 w i l l  be small ,  but  i n  theory should be pos i t i ve .  

LI = 3.cO. 

The r a d i a l  t r a n s i t i o n  i n t e g r a l  a* f o r  t h e  Iron I X  resonance l i n e s  

was c a l c u l a t e d  using a modification by J. Cooper (mpubl i shed)  of  t h e  

computer program o f  Stewart  and Rotenberg (1965). The r e s u l t  was o2 = 0.020 . 
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We then  ca l cu la t ed  t h e  l i n e  s t rengths ,  usiny: equations ( 6 )  mid ( 7 )  and 

t h e  value of r given i n  Table 1. Table 3 s i v e s  t h e  l i n e  s t r eng ths ,  

o s c i l l a t o r  s t r eng ths ,  and t r a n s i t i o n  p r o b a b i l i t i e s  for t hese  l i n e s .  

The I ron  I X  t r a n s i t i o n  p r o b a b i l i t i e s  given here  siiould be of use i n  

t h e  determination of t he  conditions under which t h e  l i n e s  are l i n i t t e d  

from t h e  s o l a r  corona. Calculations of cross-sections f o r  e x c i t a t i o n  of 

t h e  I ron  I X  ion  by e l ec t ron  impact a r e  needed t o  conplement our r e s u l t s .  

Kastner e t  al. (1967) have observed tha t  t h e  r a t i o  of i n t e n s i t i e s  
L- 

of  t h e  two solar UV l i n e s  t e n t a t i v e l y  i d e n t i f i e d  as a r i s i n g  f r o n  :lagnesiurn I11 

i s  nuch higher  than t h e  corresponding r a t i o  of t h e  l i n e  s t r enc ths .  Yhey 

s w g e s t  t h a t  confi@ration i n t e r a c t i o n  i n  Xagnesium I11 may be responsible  

f o r  t h e  discrepancy. However, we found t h a t  t h e  I C  theory Eave energy 

5 l e v e l s  for t h e  2p 3s configurat ion of Ilg 111 ?.n exce l len t  agreement i.:itk? 

those  observed: t h e  r m  devia t ion  was 0.207 cm-’ , Ue conclude t h a t  

t h e  ca l cu la t ed  l i n e  s t r eng th  r a t i o  i s  co r rec t ,  and tha t  t h e  ld .en t i f ica t ion  

of t h e  s o l a r  l i n e s  i s  probably incor rec t .  

I wish t o  thank Dr. J. Cooper f o r  performing the  ca l cu la t ion  of t h e  

I ron  IX radial t r a n s i t i o n  in t eg ra l .  

I also wish t o  thank D r .  S. 0. Kastner f o r  h e l p f u l  suggest ions,  ? a d  

for providing d e t a i l s  of h i s  Kartree-Fock ca lcu la t ions .  
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1066.66 1048.22 930 19 725.31 0.255 Ar I 

i:I I 612.61 600.74 1878.93 1134.33 .362 
* 

CaIII hOg.36 - 403.72 2040.03 1728.06 .216 

SCIV 298.43 293.25 2885. 2866. .160 

T i V  228.90 225.34 3893. 3053. .248 

179.32 5107. 3372. .332 W I  182.05 

CrVII 148.74 146.53 6600. 3532 .445 

MnVIII 124.05 122.17 8353. 3973. .534 

FeIX 105.24 103.58 10455 4375. 0.624 
~ ~~~~~~ ~ ~ 

* 
Least-squares fit t o  energ l e v e l s  i nd ica t e s  presence of 

conf igura t ion  i n t e r a c t i o n  i n  3p T 4s configurat ion of t h i s  ion. 



T A B U  2 

c 

* 
r r (I.:ou) G1 

Resonance Line 
Ion ?,rave lengths c2P 

( ,VAC ) ( c m - l )  (cm-l) 

TJe I 

NaII 

LkIII 
AlIV 
8iV 

PVI 
SVII 
ClVIIS 

RIX 

C a X I  

s CXI I 
F e n 1 1  

743.71 
376.37 

161.69 
234.26 

118.97 
91  47 
72.66 
59.19 
49.18 
41.54 
35.58 
30.82 
17.05 

735.80 
372.07 
231.73 
160.07 

90.65 
117.86 

72.03 
58.67 
48.73 
41.15 
35.21 
30.48 
16-77 

517.82 
904 . 91 

1474.70 
2196.98 
3400. 
4845. 
6753. 
9067. 

12042. 

15650. 
20019. 
25239. 
68033. 

743.46 0.076 
1623.34 0.048 
2453.22 0.056 

3384. 0.115 
4812. 0 .IC0 

3274.63 0.070 

5411. 0.238 
6071. 0.324 

6957. 0 .bo8 
7041. 0.572 
8147. 0.644 
6642. 0.97’ 

11689. 1.25 

- 
0 .Oh9 
0.053 
0.076 
0.112 

0.157 
0 .a4 
0.296 

0.375 
0 e 5 0 5  

0 .Go6 
0.72 

1.19 

* 
Xastner, Ornidvar and Underwood (1967). 

+See 13 f o r  comment on accuracy of tllis r e su l t .  



TABLE 3 

ABSOLUTE STRENGTHS OF IRON I X  RESONANCE LINES 

Wgvelength S *ki 
(A. vacuum) (at. u.) *ik (sec-1) 

103.58 075 .22 4.6 x 10 

105.24 ,047 1 4  2.7 x 10 

10 

10 



Fig. 1. -- Energy na t r ices  for  the p 5 s configuration. 
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Fit. 2. -- Resonance l i n e  s t rength m t i o  r i n  r a r e  ::as-lihe ions, 

throughout interr.iediate coupling, as a funct ion of p = 5/G1 . 
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